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Energy exchanges under form of heat is neither the most natural or efficient way to operate
an engine in the quantum realm. Recently there have been in the literature several proposals for
“quantum measurement engines” where energy is fed into the machine by operations which otherwise
would be conducive to quantum measurements on the working substance (henceforth “the system”).
In the analysis of the working of these devices, oftentimes it is assumed that the only effect of
measurement is to turn the state of the system from whatever prior state to an eigenstate of the
measured property, and energy exchanges are determined therefrom. This ignores the intricacies of
the quantum measurement process. We propose a simple model of a quantum measurement engine
where the measurement process may be analyzed in detail, and therefore energy exchanges, and
limitations on their duration, may be traced more fully.
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2I. INTRODUCTION
The development of engines working at the nano scale is one of the most fascinating challenges facing our discipline [1–3].
While it is natural to draw on our substantial knowledge of macroscopic machines as a guide to understanding, the fact is
that building replicas of large scale machines is not necessarily the best strategy in the quantum domain. Along this line,
it has been suggested that “thermal” engines, where energy is fed into the machine under heat form, with the concomitant
limitations associated to the Second Law and the speed limits for heat exchange, may be replaced (and outperformed) by
“quantum measurement” engines, where the coupling to the machine is performed by devices originally meant to carry out
measurements on the system [4–7].
To give an accurate analysis of the working of a quantum measurement engine, and particularly to discuss their limitations,
if any, it is essential to take into account the intricacies of quantum measurement apparatuses [8–13]. A quantum measurement
device is a rather complicated thing, maybe coupled to its own environment [14, 15], and which certainly has the means to
build and hold a record of what has been measured [16]. Therefore, quantum measurement involves energy exchanges other
than to and from the system, and not all the exchanged energy may be retrievable after the process is completed. Those
energy exchanges must be considered in the analysis, as well as whether there are limitations on the time necessary for their
completion.
As a case in point, we propose in this note a simple model of a quantum measurement engine where the measurement
process may be analyzed in detail. The machine is a spin one half particle operating under a quantum Otto cycle [17–19]. In
the quantum measurement version, the contact with the hot reservoir in the Otto cycle is replaced by a quantum measurement
of the spin. This is not a “Maxwell Demon” type engine [20–25], the measurement process is carried out only to feed energy
into the machine but there is no feedback from the measurement outcome.
The measurement is carried out by making the spin precede around an auxiliary magnetic field, thus emitting electromag-
netic radiation. The state of the spin is recorded into the state of the outgoing radiation. In this preliminary study we shall
not consider the back reaction of the radiation process on the spin, but only the energy carried out by the radiation, and the
time limitations on the process if a successfull measurement is assumed.
As a matter of fact, a precise measurement, namely, that the two possible initial states of the spin lead to mutually
orthogonal states of the radiation, requires either an infinite energy output or an infinite measurement time. This is consistent
with formal analysis of the quantum measurement process [26].
Given that a compromise shall be reached, we analysis the impact of the energy cost of measurement on the machine
efficiency and its power-efficiency relationship.
This note is organized as follows. In the next section we describe the quantum Otto cycle which is our standard heat
engine. In Section III we turn this into a quantum measurement engine by replacing contact with a hot reservoir in the Otto
cycle by a spin measurement. Section IV is the core of the note because here we analyze in detail the measurement process
and its cost in energy and in time. We conclude with some very brief final remarks.
II. A QUANTUM OTTO CYCLE
Let us begin by describing the thermal engine which will serve as a contrast to the quantum measurement engine to be
introduced below. This will be a simple implementation of a quantum Otto cycle.
The system is a spin 1/2 particle. At the beginning of the cycle it is in a thermal state at temperature T coupled to a
magnetic field Bz (0) in the z direction. We understand this to mean that the spin in the z direction is well defined, and
takes the value 1/2 with probability
p+ =
1
1 + e−β0µBz(0)
>
1
2
(1)
and the value −1/2 with probability p− = 1− p+ < p+. Here β = 1/kBT , kB is Boltzmann constant, and
µ =
e~
2m
(2)
where e and m are the charge and mass of the particle. A gyromagnetic factor g = 2 is assumed. Also e2 = α~c, where
α = 1/137. With these choices magnetic field has units of QTL−3. The mean energy is
〈E〉 (0) = −µBz (0) (p+ − p−) (3)
3In the first leg of the cycle, we increase the field adiabatically to a value Bz (1). The entropy does not change, and the mean
energy decreases to
〈E〉 (1) = −µBz (1) (p+ − p−) (4)
therefore work is obtained from the machine, at a value
W01 = − (〈E〉 (1)− 〈E〉 (0)) = µ (Bz (1)−Bz (0)) (p+ − p−) (5)
In the second leg, we bring the spin to a state where the spin in the z direction is well defined and takes either value with
probability 1/2. This could be achieved by coupling the system to a heath bath at infinite temperature. In any case, the
heat exchange is irreversible, because the system is not at the bath temperature. The new mean energy is
〈E〉 (2) = 0 (6)
so the heath exchanged is
Q12 = 〈E〉 (2)− 〈E〉 (1) = −〈E〉 (1) = µBz (1) (p+ − p−) (7)
In the third leg, we bring the field adiabatically back to Bz (0). Since p+ = p− throughout, no net work is exchanged. Finally,
we allow the system to thermalize again, emitting a heat
Q30 = −〈E〉 (0) (8)
Obviously
W01 +Q30 = Q12 (9)
and we may define an efficiency
ηO =
W01
Q12
= 1− 〈E〉 (0)〈E〉 (1) = 1− b (10)
where
b =
Bz (0)
Bz (1)
(11)
It is difficult to give an estimate of the power limitations on the machine, given the possibility to recur to shortcuts on all
and any of the four legs in the cycle [27–31]. To obtain a simple estimate we may assume that heat exchanges may be made
instantaneous. On the other hand, the duration of the 0− 1 and 2− 3 legs is restricted by the adiabaticity condition
E˙
E
 ω ≈ E
~
(12)
or
d
dt
1
E
 1
~
(13)
leading to
∆t ~
µ
(
1
Bz (0)
− 1
Bz (1)
)
(14)
4While a conventional Quantum Speed Limit estimate [32, 33] yields
∆t ≥ ~
µ (Bz (1)−Bz (0)) (15)
We therefore estimate
Power = Pmax
[
b (1− b)2
b+ (1− b)2
]
(16)
where
Pmax =
(µBz (1))
2
(p+ − p−)
~
(17)
We obtain maximum power ≈ 0.19Pmax for b ≈ 0.36
III. QUANTUM MEASUREMENT IMPLEMENTATION
We wish to replace the step 1 → 2 by an interaction. The obvious choice is to polarize the spin in the y direction, by
applying a strong field in that direction. Once the y field is removed, the spin is left pointing in the y direction, and indeed
both z projections occur with the same probability. Let us see whether it works.
We consider a Pauli spinor evolving under the Hamiltonian
H = −gµ [Bzσz +By (t)σy] (18)
with instantaneous eigenvalues ±~ω, ω = µ
√
B2z +B
2
y (t)/~. The instantaneous eigenstates have well defined spin along the
direction vˆ = cos θzˆ+sin θyˆ, where cos θ = Bz/ω. This direction is obtained by a rotation of angle −θ around the xˆ direction,
thus the instantaneous eigenvectors are
φ+ =
(
cos 12θ
i sin 12θ
)
(19)
and
φ− =
(
i sin 12θ
cos 12θ
)
(20)
They obey φ˙+ = iθ˙φ−/2 and φ˙− = iθ˙φ+/2. For example, consider the case when By is suddenly turned on at t = 0 and then
turned off at t0. If the state at t = 0
− is s+ = (1, 0), then for t ≥ 0 we have
Ψ+ (t) = cos
1
2
θeiωtφ+ − i sin 1
2
θe−iωtφ−
= ψ+ (t) s+ − ψ− (t) s− (21)
where
ψ+ (t) = cosωt+ i sinωt cos θ
ψ− (t) = sinωt sin θ (22)
Then from t+0 on
Ψ+ (t) = ψ+ (t0) e
iBs+ − ψ− (t0) e−iBs− (23)
5where B (t0) = 0 and
B˙ = µBz
~
(24)
Therefore
〈E〉+ = −µBz (1)
[
1− 2 sin2 θ sin2 ωt0
]
(25)
If the initial state is s− then at t ≥ 0
Ψ− (t) = −i sin 1
2
θeiωtφ+ + cos
1
2
θe−iωtφ−
= ψ− (t) s+ + ψ∗+ (t) s− (26)
and for t ≥ t0
Ψ− (t) = ψ− (t0) eiBs+ + ψ∗+ (t0) e
−iBs− (27)
so
〈E〉− = −〈E〉+ (28)
In this implementation we get
〈E〉 (2) = −µBz (1) (p+ − p−)
[
1− 2 sin2 θ sin2 ωt0
]
(29)
Q12 = 2µBz (1) (p+ − p−) sin2 θ sin2 ωt0 (30)
Now getting from 2 to 3 requires to do work on the system
W23 = µ (Bz (1)−Bz (0)) (p+ − p−)
[
1− 2 sin2 θ sin2 ωt0
]
(31)
On thermalization, the system sheds heat
Q30 = 2µBz (0) (p+ − p−) sin2 θ sin2 ωt0 (32)
Obviously
W01 +Q30 = Q12 +W23 = µ (p+ − p−)
[
Bz (1)−Bz (0)
(
1− 2 sin2 θ sin2 ωt0
)]
(33)
and the efficiency is
ηQ =
1− b
1− b (1− 2 sin2 θ sin2 ωt0) (34)
which for ωt0  1 may be approximated as
ηQ =
1− b
1− b cos2 θ (35)
It is clear that the quantum measurement engine has a definite potential for outperforming the thermal Otto cycle. We now
want to validate this analysis by a more carefull consideration of the 1→ 2 (measurement) leg.
6IV. FOCUS ON MEASUREMENT
The most important feature of the quantum measurement process is that it leaves a record of what has been measured
[16]. In our case we choose as recording device the electromagnetic radiation emitted by the time-varying spin. To obtain
the quantum state of the radiation we shall proceed in two steps. First we will work out the expectation value of the
radiation field for a given intial state of the spin, s+ or s−. Then we shall apply an appropriate displacement operator to the
electromagnetic vacuum to match that expectation value.
Let us first say something about the spin evolution. From t = 0 to t0 the By field is turned on and the spin precedes around
the (By, Bz (1)) direction. From then on it precedes around the z axis at a much lower rate, provided By  Bz (1) ≥ Bz (0).
We shall neglect any radiation from this second leg.
Let us consider a basis xˆ′ = xˆ, yˆ′ = cos θyˆ − sin θzˆ, zˆ′ = sin θyˆ + cos θzˆ. Then 〈Sz′〉± = ± cos θ/2 is constant and does not
contribute to the radiation field. Else, if the initial state is s+, then
〈Sx′〉+ =
−1
2
sin θ sin 2ωt
〈Sy′〉+ =
1
2
sin θ cos 2ωt (36)
If the initial state is s−, then 〈Si〉− = −〈Si〉+. It follows that
〈
~˙S
〉
= 2ω zˆ′ ×
〈
~S
〉
(37)
and
〈
~¨S
〉
= −4ω2
〈
~S
〉
⊥
(38)
where
〈
~S
〉
⊥
= 〈Sx′〉 xˆ′ + 〈Sy′〉 yˆ′. This is the part of the spin that radiates.
We now turn to the electromagnetic field. As we said before, we first consider tits expectation value, for a given initial
value of the spin. Since electromagnetism is a linear theory, the expectation value of the vector potential ~A follows Maxwell
equations sourced by the mean value of the magnetization. Choosing a gauge with ∇ ~A = 0,
1
c2
∂2
∂t2
~A−∆ ~A = 4pi
c2
~j (39)
where ~j = ∇× ~M , and ~M is the magnetization density. We only consider the time-dependent part
~M = gµ
〈
~S (t)
〉
⊥
δ (~x) (40)
So
~A (~x, t) = −∇× gµ
c2r
〈
~S
(
t− r
c
)〉
⊥
=
gµ
c3r2
~r ×
〈
~˙S
(
t− r
c
)〉
⊥
+O
(
r−2
)
(41)
We shall only consider the leading terms, corresponding to the radiation field. The electric field
~E = − ~˙A = − gµ
c3r2
~r ×
〈
~¨S
(
t− r
c
)〉
⊥
(42)
The magnetic field
~B = ∇× ~A = gµ
c3r
[〈
~¨S
(
t− r
c
)〉
⊥
− 1
r2
~r
(
~r ·
〈
~¨S
(
t− r
c
)〉
⊥
)]
(43)
7and the Poynting vector
~S = c ~E × ~B = g
2µ2
c5r3
~r
[〈
~¨S
(
t− r
c
)〉2
⊥
− 1
r2
(
~r ·
〈
~¨S
(
t− r
c
)〉
⊥
)2]
(44)
The power radiated at time t through an sphere of radius r is
P =
8pi
3
g2µ2
c5
〈
~¨S
(
t− r
c
)〉2
⊥
(45)
This concludes that analysis of the expectation values. We shall now reconstruct the full quantum state of the radiation field.
We assume the initial spin state is s+, and write
〈Sx′〉 (t) =
∫
df
2pi
e−ift Sx′ (f) (46)
where
Sx′ (f) =
−1
2
sin θ
∫ t0
0
dt eift sin 2ωt =
sin θ
4
[
ei(f+2ω)t0 − 1
f + 2ω
− e
i(f−2ω)t0 − 1
f − 2ω
]
(47)
Similarly
〈Sy′〉 (t) =
∫
df
2pi
e−ift Sy′ (f)
Sy′ (f) =
1
2
sin θ
∫ t0
0
dt eift cos 2ωt =
−i sin θ
4
[
ei(f+2ω)t0 − 1
f + 2ω
+
ei(f−2ω)t0 − 1
f − 2ω
]
(48)
Observe that Si (−f) = Si (f)∗. These expressions cannot be used at very high frequency, where the Fourier amplitudes
depend on the way the By field is turned on. We shall assume the Fourier amplitudes peak around f ≈ ω, where Sx′ ≈ Sy′ ≈
t0 sin θ. So
〈
~S
〉
⊥
δ (~x) =
∫
d3k
(2pi)
3
df
2pi
ei(
~k~x−ft) [Sx′ (f) xˆ′ + Sy′ (f) yˆ′] (49)
and the induced current is
~j = igµ
∫
d3k
(2pi)
3
df
2pi
ei(
~k~x−ft)
[
Sx′ (f)~k × xˆ′ + Sy′ (f)~k × yˆ′
]
(50)
It is convenient to introduce a triad
(
kˆ, 
(1)
~k
, 
(2)
~k
)
, where

(1)
~k
=
~k × xˆ′∣∣∣~k × xˆ′∣∣∣ = kz′ yˆ
′ − ky′ zˆ′√
k2 − k2x′
(51)

(2)
~k
= kˆ × (1)~k =
− (k2y′ + k2z′) xˆ′ + kx′ (ky′ yˆ′ + kz′ zˆ′)
k
√
k2 − k2x′
(52)
Then 
(1)
−~k = −
(1)
~k
, 
(2)
−~k = 
(2)
~k
,
yˆ′ = kˆ
(
kˆ · yˆ′
)
+ 
(1)
~k
(

(1)
~k
· yˆ′
)
+ 
(2)
~k
(

(2)
~k
· yˆ′
)
=
ky′
k
kˆ +
kz′√
k2 − k2x′

(1)
~k
+
kx′ky′
k
√
k2 − k2x′

(2)
~k
(53)
8and
~k × yˆ′ = kkz′√
k2 − k2x′

(2)
~k
− kx′ky′√
k2 − k2x′

(1)
~k
(54)
Finally we get the induced current as
~j = igµ
∑
α
∫
d3k
(2pi)
3
df
2pi
ei(
~k~x−ft)Sα
(
f,~k
)

(α)
~k
(55)
where
S1
(
f,~k
)
=
√
k2 − k2x′Sx′ (f)−
kx′ky′√
k2 − k2x′
Sy′ (f)
S2
(
f,~k
)
=
kkz′√
k2 − k2x′
Sy′ (f) (56)
The solution to Maxwell equations reads
~A = −4piigµ
∑
α
∫
d3k
(2pi)
3
df
2pi
ei(
~k~x−ft)
Sα
(
f,~k
)

(α)
~k
(f + i)
2 − c2k2 (57)
The radiation field is obtained by keeping only the contributions from the poles
~Arad = −4pigµ
∑
α
∫
d3k
(2pi)
3
ei
~k~x
2ck
[
e−icktSα
(
ck,~k
)

(α)
~k
+ eicktS∗α
(
ck,−~k
)

(α)
−~k
]
(58)
Comparing this to the plane wave expansion of the free Heisenberg operator [34]
~A =
√
~
∑
α
∫
d3k
(2pi)
3
ei
~k~x
√
2ck
[
e−icktaα,~k
(α)
~k
+ eickta†
α,−~k
(α)
−~k
]
(59)
we see that the quantum state of the radiation field may be obtained by the displacement aα,~k →
〈
aα,~k
〉
+ a′
α,~k
, where
〈
aα,~k
〉
= − 4pigµ√
2~ck
Sα
(
ck,~k
)
(60)
The displaced state is
|rad〉+ = eR |0〉 (61)
where
R = 4pigµ
∑
α
∫
d3k
(2pi)
3
1√
2~ck
[
S∗α
(
ck,~k
)
aα,~k − Sα
(
ck,~k
)
a†
α,~k
]
(62)
If the initial spin state is s−, then the final radiation state is
|rad〉− = e−R |0〉 (63)
Observe that + 〈rad|rad〉+ =− 〈rad|rad〉− = 1 while
− 〈rad|rad〉+ = 〈0| e2R |0〉 = e−Γ (64)
9FIG. 1. [Color online] (full line) The value of b for which we obtain maximum power, as a function of γ, defined in Eq. (67); (dashes)
for comparison, the line 1/
√
γ.
where
Γ =
16pi2g2µ2
~c
∑
α
∫
d3k
(2pi)
3
1
k
S∗α
(
ck,~k
)
Sα
(
ck,~k
)
(65)
Under the assumption that the Fourier amplitudes peak at frequencies of the order of ω, the integral may be evaluated as
≈ ω4t20 sin2 θ/c4. Then the total radiated energy is ≈ Γ~/t0.
We see that a precise measurement of the spin requires Γ→∞ and thus infinite resources, as expected on formal grounds
[26]. Otherwise, we obtain a more accurate estimate for the machine efficiency
η′Q =
1− b
1− b cos2 θ + γ−1Γ (66)
where
γ =
µBz (1) t0
~
(67)
The efficiency is reduced from the previous estimate but still may outperform the quantum Otto cycle. We must also correct
our power estimate
Power′ = Pmax
[
b (1− b)2
b+ (1− b)2 + γb (1− b)
]
(68)
The value of b for which we obtain maximum power now depends on γ (see Fig.(1)), and the maximum power is always less
than 0.19Pmax (see Fig.(2))
V. FINAL REMARKS
In this note we have presented a simple model of a quantum measurement engine whereby different energy exchanges may
be tracked, over and above those from and to the working substance itself. We have shown that the energy necessary to
build a record of the measurement result (in our example, the record being the quantum state of the radiation field) has
10
FIG. 2. [Color online] (full line) Maximum power as a fraction of Pmax, as a function of γ, defined in Eq. (67); (dashes) for comparison,
the line 1/γ.
a definite impact on the expected efficiency of the engine. There are also limitations on the time necessary to perform the
measurement, which likewise affect the power which the engine may produce. Notwithstanding, the possibility of a quantum
measurement engine outperforming a thermal one remains. Interestingly, a good engine requires a rather poor measurement,
and viceversa.
Our analysis may be improved in many ways, most obviously in including the back reaction of radiation on the spin itself.
We expect to proceed with these improvements in future work.
ACKNOWLEDGMENTS
Work supported in part by Universidad de Buenos Aires and CONICET (Argentina).
It is a pleasure to acknowledge exchanges with the QUFIBA and LIAF groups at the Physics Department, FCEN-UBA
(Argentina)
[1] O. Abah, J. Rossnagel, G. Jacob, S. Deffner, F. Schmidt-Kaler, K. Singer, and E. Lutz, Single-Ion Heat Engine at Maximum
Power, Phys. Rev. Lett. 109, 203006 (2012).
[2] J. Rossnagel, O. Abah, F. Schmidt-Kaler, K. Singer, and E. Lutz, Nanoscale Heat Engine Beyond the Carnot Limit, Phys. Rev.
Lett. 112, 030602 (2014).
[3] D. von Lindenfels, O. Gra¨b, C. T. Schmiegelow, V. Kaushal, J. Schulz, F. Schmidt-Kaler, and U. G. Poschinger1, A spin heat
engine coupled to a harmonic-oscillator flywheel, Phys. Rev. Lett. 123, 080602 (2019).
[4] J. Yi, P. Talkner and Y. W. Kim, Single-temperature quantum engine without feedback control, Phys. Rev. E 96, 022108 (2017).
[5] X. Ding, J. Yi, Y. W. Kim, and Peter Talkner, Measurement-driven single temperature engine Phys. Rev. E 98, 042122 (2018).
[6] A. Das and S. Ghosh, Measurement based coupled quantum heat engine without feedback control, arXiv:1810.07161 (2018).
[7] A. Aydin, A. Sisman, and R. Kosloff, Landauer’s Principle in a Quantum Szilard Engine Without Maxwell’s Demon,
arXiv:1908.04400 (2019)
[8] P. Mittelstaedt, The interpretation of quantum mechanics and the measurement process, Cambridge University Press (Cambridge,
England, 1998)
[9] H. Wiseman and G. Milburn, Quantum measurement and control, Cambridge University Press (Cambridge, England, 2009)
[10] K. Jacobs, Quantum measurement theory and its applications, Cambridge University Press (Cambridge, England, 2014)
[11] P. Busch, P. Lahti, J-P Pellonpa¨a¨ and K. Ylinen, Quantum Measurement Springer(Berlin, 2016).
[12] A. Allahverdyan, R. Balian and T. Nieuwenhuizen Understanding quantum measurement from the solution of dynamical models,
Phys. Rep. 525, 1 (2013).
[13] A. De Pasquale, C. Foti, A. Cuccoli, V. Giovannetti and P. Verrucchi, Dynamical model for positive-operator-valued measures,
Phys. Rev. A 100, 012130 (2019)
[14] E. Lubkin, Keeping the entropy of measurement: Szilard revisited, Int. J. Theor. Phys. 26, 523 (1987).
11
[15] J. P. Paz and W. Zurek, Environment-induced decoherence and the transition from quantum to classical, arXiv:quant-ph/0010011,
Lectures given by both authors at the 72nd Les Houches Summer School on ”Coherent Matter Waves”, July-August 1999
[16] J. Hartle, The Reduction of the State Vector and Limitations on Measurement in the Quantum Mechanics of Closed Systems, in
Directions in Relativity, vol 2, ed. by B.-L. Hu and T.A. Jacobson, Cambridge University Press, Cambridge (1993).
[17] R. Kosloff and Y. Rezek, The Quantum Harmonic Otto Cycle, Entropy 19, 136 ( 2017).
[18] P. Erdman, V. Cavina, R. Fazio, F. Taddei and V. Giovannetti, Maximum Power and Corresponding Efficiency for Two-Level
Quantum Heat Engines and Refrigerators, arXiv:1812.05089v1 (2018).
[19] M. Wiedmann, J. Stockburger and J. Ankerhold, Out-of-equilibrium operation of a quantum heat engine, arXiv:1903.11368v1
(2019)
[20] H. Mohammady and J. Anders, A quantum Szilard engine without heat from a thermal reservoir, New J. Phys. 19, 113026 (2017).
[21] N. Cottet, S. Jezouin, L. Bretheau, P. Campagne-Ibarcq, Q. Ficheux, J. Anders, A. Auffe`ves, R. Azouit, P. Rouchon, and B.
Huard, Observing a quantum Maxwell demon at work, PNAS 114, 75617564 (2017).
[22] C. Elouard, D. Herrera-Mart, B. Huard and A. Auffe`ves, Extracting Work from Quantum Measurement in Maxwells Demon
Engines, Phys. Rev. Lett. 118, 260603 (2017).
[23] C Elouard, and A. Jordan, Efficient Quantum Measurement Engines, Phys. Rev. Lett. 120, 260601 (2018).
[24] J. Yi and Y. W. Kim, Role of measurement in feedback-controlled quantum engines, J. Phys. A: Math. Theor. 51, 035001 (2018).
[25] S. Seah, S. Nimmrichter and V. Scarani, Maxwell’s lesser demon, 1908.10102 (2019).
[26] Y. Guryanova, N. Friis and M. Huber, Ideal Projective Measurements Have Infinite Resource Costs, arXiv:1805.11899 (2018)
[27] D. Gue´ry-Odelin, A. Ruschhaupt, A. Kiely, E. Torrontegui, S. Mart´nez-Garaot and J. G. Muga, Shortcuts to adiabaticity:
concepts, methods, and applications, arXiv:1904.08448v1 (2019)
[28] E. Calzetta, Not-quite-free shortcuts to adiabaticity, Phys. Rev. A 98, 032107 (2018).
[29] B. Cakmak and O. Mu¨stecaploglu, Spin Quantum Heat Engines with Shortcuts to Adiabaticity, Phys. Rev. E 99, 032108 (2019).
[30] T. Villazon, A. Polkovnikov and A. Chandran, Swift heat transfer by fast-forward driving in open quantum systems, Phys. Rev.
A 100, 012126 (2019).
[31] S. Alipour, A Chenu, A. T. Rezakhani and A. del Campo, Shortcuts to Adiabaticity in Driven Open Quantum Systems: Balanced
Gain and Loss and Non-Markovian Evolution, arXiv:1907.07460v1 (2019)
[32] L. Mandelstam and I. Tamm, The Uncertainty Relation Between Energy and Time in Non-relativistic Quantum Mechanics J.
Phys. USSR 9, 249-254 (1945).
[33] V. Giovannetti, S. Lloyd, and L. Maccone, Quantum limits to dynamical evolution, Phys. Rev. A 67, 052109 (2003).
[34] J.D. Bjorken and S.D. Drell, Relativistic Quantum Fields (McGraw-Hill, New York, (1965)).
